K. M. Visscher, J. Medeiros-Silva, D. Mance, J. P. G. L. M. Rodrigues, M. Daniëls, A. M. J. J. Bonvin, M. Baldus, M. Weingarth, *Angew. Chem. Int. Ed.* **2017**, *56*, 13222.

Multiple lines of experimental evidence highlight the lateral patchiness of cellular surfaces, suggesting that membranes are organized in heterogeneous domains.[1](#anie201705723-bib-0001){ref-type="ref"} This corroborates the notion that membrane signaling proteins such as channels or receptors are assembled in supramolecular clusters, in which protein function is coupled,[2](#anie201705723-bib-0002){ref-type="ref"} possibly to achieve an optimal response to a single stimulus. Indeed, clustering and coupled gating have been reported for a number of ion channels, including mammalian K^+^,[3](#anie201705723-bib-0003){ref-type="ref"} Na^+^,[4](#anie201705723-bib-0004){ref-type="ref"} and Ca^2+\[2b\]^ channels. However, the principles of the arrangement of channel clusters and the implications of clustering for channel gating remain largely unknown.

KcsA is an archetypical K^+^ channel and widely used to study ion channel gating. The KcsA pore is conserved across all K^+^ channels and regulated by a cytoplasmic activation gate and an extracellular inactivation gate.[5](#anie201705723-bib-0005){ref-type="ref"} It has been demonstrated in vitro[6](#anie201705723-bib-0006){ref-type="ref"} and in vivo in *E. coli* [7](#anie201705723-bib-0007){ref-type="ref"} and in the native host *S. lividans* ^*\[8\]*^ that KcsA can form clusters. Herein, we have studied the supramolecular arrangement of KcsA clusters in *E. coli* membranes by conventional and dynamic nuclear polarization (DNP) enhanced solid‐state NMR (ssNMR) experiments and coarse‐grained molecular dynamics (CGMD) simulations. We demonstrate that KcsA channels assemble into clusters in native‐like lipid membranes, and provide structural details on the channel--channel interface, disclosing an unexpected role of a membrane‐associated helix as a key element for clustering. Intriguingly, we demonstrate with DNP‐ssNMR experiments that channel function and cluster formation are correlated, which suggests a thus far unknown mechanism of interchannel communication.

ssNMR spectroscopy provides a straightforward means for studying the clustering of membrane proteins by mixing proteins that carry different NMR‐active nuclei X and Y (e.g., X=^15^N and Y=^13^C).[9](#anie201705723-bib-0009){ref-type="ref"} Magnetization transfer between spin species X and Y necessitates the formation of clusters that are stable on the experimental timescale, which is in the range of μs to ms for dedicated dipolar transfer schemes.

We reconstituted an equimolar mixture of ^15^N‐labeled KcsA \[U‐^15^N‐KcsA\] and ^13^C‐labeled KcsA \[U‐^13^C‐KcsA\] in *E. coli* lipids at a 1:100 protein/lipid (P/L) molar ratio. We initially prepared the samples in neutral buffers (pH 7, 50 m[m]{.smallcaps} K^+^), in which channels are in the closed--conductive gating mode, which we validated with a ssNMR 2D ^13^C--^13^C PARIS[10](#anie201705723-bib-0010){ref-type="ref"} spectrum (see the Supporting Information, Figure S1). In line with previous results,[11](#anie201705723-bib-0011){ref-type="ref"} the KcsA channels exhibited a parallel topology in this preparation (Figure S2). To probe KcsA clustering, we carried out a series of one‐dimensional (1D) NHHC experiments,[9a](#anie201705723-bib-0009a){ref-type="ref"} in which magnetization is initially created on ^15^N nuclei (i.e., of U‐^15^N‐KcsA) and transferred via short heteronuclear transfer steps and a longer ^1^H--^1^H dipolar mixing unit to ^13^C nuclei (of U‐^13^C‐KcsA; Figure [1](#anie201705723-fig-0001){ref-type="fig"} A). We observed pronounced transfer to ^13^C nuclei in the 1D NHHC spectra (Figure [1](#anie201705723-fig-0001){ref-type="fig"} B), which strongly indicated the formation of KcsA clusters that are stable on the sub‐millisecond timescale and probably beyond. As the ^1^H‐mediated magnetization transfer from ^15^N to ^13^C is short‐ranged with an upper barrier of approximately 5 Å, the NHHC spectra strongly suggest that the clustered channels are in direct contact. Furthermore, while most of our ssNMR experiments were carried out at low temperature (at 255 K) for sensitivity reasons, cluster formation also occurred at higher temperature (293 K; Figure [1](#anie201705723-fig-0001){ref-type="fig"} C). Note that magnetization transfer from ^15^N to ^13^C was virtually abolished in a mixture of U‐^15^N‐KcsA and unlabeled KcsA, which means that putative spurious ^13^C natural‐abundance contributions can be neglected (Figure [1](#anie201705723-fig-0001){ref-type="fig"} D), validating our setup. We would also like to emphasize that the homotetrameric KcsA is of outstanding stability in liposomes, and monomers dissociate neither at strongly elevated temperatures of 90 °C[12](#anie201705723-bib-0012){ref-type="ref"} nor in harsh detergents such as SDS.[13](#anie201705723-bib-0013){ref-type="ref"} Therefore, signal intensity in NHHC experiments must result from contacts between different channels.

![ssNMR demonstrates that KcsA channels form clusters in *E. coli* lipids. A) KcsA clustering can be probed with an equimolar mixture of ^15^N‐ and ^13^C‐labeled channels and dedicated ssNMR experiments such as NHHC.[9a](#anie201705723-bib-0009a){ref-type="ref"} B) A series of 1D NHHC experiments with increasing ^1^H--^1^H magnetization transfer times applied to mixed‐labeled channels show the presence of KcsA clusters. C) Cluster formation occurred at low (255 K) and high (293 K) temperature. The lower intensity at 293 K is due to increased local motion, which decreases the dipolar transfer efficiency. D) The virtual absence of signals without ^13^C labeling shows that natural‐abundance contributions can be neglected.](ANIE-56-13222-g001){#anie201705723-fig-0001}

As a next step, we investigated if clustering correlates with KcsA function. It is currently not clear if or how clustering modulates KcsA function, and contradicting studies have been published in recent years. Molina and co‐workers showed by electrophysiological measurements in liposomes that clustered channels open together in a concerted manner, and that clustering strongly increases channel open probability.[6a](#anie201705723-bib-0006a){ref-type="ref"} However, in stark contrast to the studies by Molina and co‐workers, AFM experiments, using truncated channels in zwitterionic lipids exposed to a mica surface, came to the conclusion that open channels do not form clusters.[6b](#anie201705723-bib-0006b){ref-type="ref"} We tried to settle this striking conflict with a series of comparative 1D NHHC measurements with closed and open full‐length channels embedded in *E. coli* lipids. For these studies, it was critical to work at a low P/L ratio 1) to allocate enough space so that channels could potentially dissociate upon opening[6b](#anie201705723-bib-0006b){ref-type="ref"} and 2) to exclude random channel--channel contacts. However, as a 1D NHHC experiment with a P/L ratio of 1:100 (Figure [1](#anie201705723-fig-0001){ref-type="fig"}) already required a measurement time of about one day, substantially lower P/L ratios were prohibitive with conventional NMR spectroscopy. We overcame this issue with the DNP technique, which can provide sensitivity gains of two orders of magnitude, and thereby enables otherwise infeasible ssNMR experiments with lowly concentrated membrane proteins (for examples, see Refs. [9b](#anie201705723-bib-0009b){ref-type="ref"}, [14](#anie201705723-bib-0014){ref-type="ref"}). We prepared vesicles with mixed ^15^N/^13^C‐labeled channels and ran experiments using a 263 GHz/400 MHz DNP/ssNMR setup at 100 K (see also the Supporting Information). We obtained signal enhancement factors *ϵ* of 20--55, which are comparable to those in our previous DNP applications with KcsA.[14c](#anie201705723-bib-0014c){ref-type="ref"} Importantly, this enhancement allowed us to work at a much lower P/L ratio of 1:400, ensuring that the DNP‐ssNMR results reflect specific channel--channel contacts in reference to the gating mode. We first conducted DNP‐ssNMR experiments with closed channels (at pH 7), which confirmed the formation of clusters. Afterwards, we washed exactly the same sample in acidic (pH 4) buffers, which is a well‐known means to open the activation gate of KcsA.[5](#anie201705723-bib-0005){ref-type="ref"}, [15](#anie201705723-bib-0015){ref-type="ref"}, [16](#anie201705723-bib-0016){ref-type="ref"} Unexpectedly, we obtained drastically increased NHHC transfer efficiencies with open channels (Figure [2](#anie201705723-fig-0002){ref-type="fig"} A). We confirmed this result by "shuttling" the channels back to the closed state (pH 7), for which the NHHC transfer was again much weaker (Figure [2](#anie201705723-fig-0002){ref-type="fig"} B). Hence, our DNP‐ssNMR experiments in native bacterial lipids revealed that cluster formation is a reversible, dynamic process that is correlated with the gating cycle of KcsA. Moreover, our study unambiguously demonstrates that open channels form clusters, which explains previous results from Molina and co‐workers.[6a](#anie201705723-bib-0006a){ref-type="ref"} Furthermore, our study reveals that the opening of the activating gate strongly stimulates cluster formation.

![DNP‐ssNMR experiments to probe KcsA clustering in reference to function. A) A series of 1D NHHC spectra for closed--conductive (left) and open--inactivated (right) mixed‐labeled channels (see also Figure S4). Spectra are normalized (see the Supporting Information) and ordered according to the ^1^H--^1^H mixing time. B) Comparison of NHHC spectra measured with a ^1^H--^1^H mixing time of 0.75 ms. Spectra were normalized according to the highest intensity at the signal maxima at *δ*(^13^C)=27 ppm (black continuous lines) and *δ*(^13^C)=54 ppm (gray dashed lines). Note that the same sample was used for Figures [2](#anie201705723-fig-0002){ref-type="fig"} A--C. C) DNP‐enhanced 2D NHHC spectrum, measured with mixed‐labeled closed (pH 7) KcsA channels. The comparison of 1D ^15^N cross‐polarization spectra in the inset illustrates the DNP enhancement of 55. The blue dashed box marks the channel--channel contacts that involve arginine side chains. To save experimental time, the Arg signals at *δ*(^15^N)≈75 ppm were back‐folded to *δ*(^15^N)=95 ppm in the 2D NHHC spectrum.](ANIE-56-13222-g002){#anie201705723-fig-0002}

But what causes the surprising increase in cluster formation upon channel opening, and how can clustered channels communicate to open simultaneously? Our data demonstrate that the channel--channel interface is modulated during the closed‐to‐open transition. This very strongly suggests that a structural element that is involved in channel opening is also involved in the channel--channel interface. The major structural event upon channel opening is a conformational change of the inner transmembrane (TM2) helix, and this unseals the cytoplasmic gate. However, it appears hardly possible that the TM2 helix, which is hidden in the interior of KcsA, contributes to channel--channel interactions. Another structural element that responds to the closed‐to‐open transition is the membrane‐associated M0 helix, formed by the N‐terminal residues M1--G21.[17](#anie201705723-bib-0017){ref-type="ref"} Indeed, it seems much more likely that M0 helices are involved in cluster formation, given that they are by far the most protruding element of the KcsA channel in the membrane plane.

Upon channel opening, in a mechanism dubbed "roll and stabilize", the M0 helix undergoes a major conformational change that buries hydrophobic M0 residues in the bilayer and exposes charged residues to lipid head groups.[17](#anie201705723-bib-0017){ref-type="ref"} The M0 helix could hence be a switch to modulate clustering, and we therefore hypothesized that these helices contribute to the channel--channel interface.

To investigate the channel--channel interface in further detail, we resorted to coarse‐grained molecular dynamics (CGMD) simulations using the MARTINI force field.[18](#anie201705723-bib-0018){ref-type="ref"} Such simulations have both the long temporal and large spatial scale to study membrane protein clustering.[19](#anie201705723-bib-0019){ref-type="ref"} However, we would like to note that CGMD simulations only provide limited insight into cluster formation. First, such simulations are necessarily less accurate than all‐atom simulations, and this may lead to an overestimation of intermolecular interactions. Second, the MARTINI force field is limited in its response to changes in the simulated environment, and secondary structure changes, for example, are not permitted. However, we would like to emphasize that overestimations of channel--channel interactions are of lesser concern, given that we have clearly demonstrated that KcsA forms clusters in membranes. Moreover, ssNMR studies of KcsA in *E. coli* membranes, in which KcsA forms clusters (Figures [1](#anie201705723-fig-0001){ref-type="fig"} and [2](#anie201705723-fig-0002){ref-type="fig"}), show only minimal secondary‐structure changes as compared to the crystal structures.[20](#anie201705723-bib-0020){ref-type="ref"} Finally, it is not realistic to study channel clustering with all‐atom simulations on the relevant timescales.

We performed CGMD simulations in which 16 closed KcsA channels, derived from PDB No. 1K4C (comprising residues S22--H124), were initially equidistantly placed in a large membrane composed of 3280 DOPE, 944 DOPG, and 480 cardiolipin lipids, approximating the composition of the inner *E. coli* membrane.[21](#anie201705723-bib-0021){ref-type="ref"} The P/L ratio was approximately 1:300 (see the Supporting Information for simulation details). To probe the influence of the M0 helix on clustering, we simulated these channels in the absence and presence of this helix (Figure [3](#anie201705723-fig-0003){ref-type="fig"} A, B). For the latter case, the M0 helix was added with MODELLER. Each simulation was run for a total duration of 37.5 μs. Indeed, the simulations clearly showed that the M0 helices modulate clustering. In the absence of the M0 helix, only small dimeric or trimeric clusters formed. However, the presence of M0 helices much accelerated clustering, with M0 helices acting as flexible tentacles that initiate channel--channel contacts. Intriguingly, M0 helices of clustered channels cast a kind of elongated mesh of 40 nm width, in which channels are entangled and from which they cannot easily escape. Such large assemblies are in line with in vivo and in vitro measurements, which revealed large KcsA clusters of 50 nm width.[6b](#anie201705723-bib-0006b){ref-type="ref"}, [8](#anie201705723-bib-0008){ref-type="ref"} Notably, channel--channel contacts are relatively dynamic in this mesh (see Movie S1), and this is likely necessary so that channel---channel interactions can respond to gating transitions (Figure [2](#anie201705723-fig-0002){ref-type="fig"}). Note that we did not consider the cytoplasmic domain (CPD) of KcsA in the simulations as previous studies had shown that the CPD does not take part in clustering.[6a](#anie201705723-bib-0006a){ref-type="ref"},[6b](#anie201705723-bib-0006b){ref-type="ref"} In line with these findings, an alignment of full‐length KcsA[22](#anie201705723-bib-0022){ref-type="ref"} to our model of clusters shows that the CPDs of clustered channels are far away from each other (Figure S3).

![KcsA cluster formation probed by CGMD simulations. A) Evolution of channels without the M0 helix. Channels in the same clusters are shown in the same colors. B) Evolution of channels with the M0 helix, highlighted in green. Channels marked with asterisks form clusters over periodic boundaries. The snapshot after 37.5 μs was laterally translated by 5 nm. C, D) Contact maps derived from back‐transformed[23](#anie201705723-bib-0023){ref-type="ref"} atomic‐resolution interfaces sampled over the last 7.5 μs of the simulations. The maps show residue pairs of interacting channels within 5 Å distance without (C) and with (D) M0 helices. Pairs that were populated by \>30 % and \<30 % in comparison to the most populated pair are shown in red and blue, respectively. The five most populated pairs are shown in magenta. Pairs populated by \<10 % are not shown. Yellow circles highlight arginine residues at the interface. Representative high‐resolution interfaces are shown in the bottom‐right corners.](ANIE-56-13222-g003){#anie201705723-fig-0003}

Importantly, the M0 helix also has a strong influence on the channel--channel interface. In the absence of this helix (Figure [3](#anie201705723-fig-0003){ref-type="fig"} C), the interface is dominated by the TM1 helix. As we had assumed, the inner TM2 helix does not contribute to the interface. In the presence of the M0 helices, the interface is dominated by the mutually interacting M0 helices, which sterically prevent the TM1 helix from taking part in clustering. Moreover the turret, which connects the TM1 to the selectivity filter, is also involved in the interface (Figure [3](#anie201705723-fig-0003){ref-type="fig"} D). We sought to corroborate our structural model with a 2D NHHC ssNMR experiment, which critically required DNP enhancement for sensitivity reasons. An enhancement of *ϵ*=55 enabled the acquisition of a 2D NHHC spectrum in only three days (Figure [2](#anie201705723-fig-0002){ref-type="fig"} C). While the resolution of the backbone amino protons (*δ*(^15^N)=100--130 ppm) in the 2D experiment did not permit the assignment of specific contacts, we observed very strong correlations characteristic for polarization transfer from the arginine guanidinium group (resonating at *δ*(^15^N)=75--80 ppm) to ^13^C atoms in the backbone and side chains. The strong arginine contribution at the interface strongly corroborates the presence of the M0 helix at the interface (Figure [3](#anie201705723-fig-0003){ref-type="fig"} D). Indeed, with the M0 helix, a total of six Arg residues (R11, R19, R27, R52, R64, R117) are heavily involved in channel--channel contacts. However, without the M0 helix (Figure [3](#anie201705723-fig-0003){ref-type="fig"} C), the interface is dominated by the hydrophobic TM1 helix, and only a single arginine (R52) contributes to interchannel contacts. Aside from this experimental evidence, it is sterically hardly possible that the protruding M0 helices are not present at the interface.

Note that the use of 800 MHz DNP[14c](#anie201705723-bib-0014c){ref-type="ref"} would have provided little additional information in this study because its application would have been limited to 1D experiments for sensitivity reasons. Likewise, 2D or 3D experiments of the N(HH)CC type, which may provide precious information on the interface, were prohibited by the low spectral sensitivity in our strongly diluted membrane preparations.

In conclusion, we have dissected the anatomy of KcsA clusters in native bacterial lipids. By combining DNP‐ssNMR experiments with MD simulations, we demonstrated that K^+^ channel gating and clustering are correlated in membranes, which hints at a relationship between KcsA localization and function. Thereby, our study solves a striking conflict[6b](#anie201705723-bib-0006b){ref-type="ref"} in the growing KcsA cluster literature, and strongly supports previous reports that KcsA channels can open in a concerted manner.[6a](#anie201705723-bib-0006a){ref-type="ref"} Intriguingly, our study discloses that the membrane‐associated M0 helix is a key element for cluster formation, and likely also for interchannel communication. In this context, our study highlights the importance of understanding how membrane proteins interact at high resolution, especially as protein assemblies are ubiquitous in crowded biological membranes.
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